Introduction
The hair cells of vestibular organs detect linear and rotational head movements, providing sensory information that is essential for normal postural and visual reflexes. Most vestibular hair cells are produced during embryonic development, but they can be lost later in life as a consequence of ototoxicity or as part of normal aging (humans: Merchant et al., 2000; Rauch et al., 2001; Lopez et al., 2005; mice: Park et al., 1987) . Mature mammals possess a limited ability to replace hair cells after injury (e.g., Forge et al., 1993; Kawamoto et al., 2009; Lin et al., 2011; Golub et al., 2012) , and their loss often results in permanent deficits in balance and equilibrium. In contrast, the vestibular organs of non-mammalian vertebrates can quickly regenerate lost hair cells, leading to restoration of sensory function (reviewed in Warchol, 2011) . Such regenerated hair cells are derived from non-sensory cells called supporting cells, which reside alongside hair cells within the vestibular sensory epithelia. Supporting cells can form new hair cells, either by cell division or by direct phenotypic conversion (reviewed in Stone and Cotanche, 2007) . Identification of the signals that control hair cell regeneration in non-mammalian vertebrates is an important step in the development of strategies to promote restoration of balance function in the human inner ear after injury or age-related pathologies.
During otic development, differentiation of sensory hair cells is modulated by the Notch pathway (reviewed in Kelley, 2006) . Notch is a membrane-bound receptor that is activated by ligands expressed on adjacent cells (Kopan and Ilagan, 2009) . During the development of the inner ear, nascent hair cells express Notch ligands that interact with receptors on neighboring progenitor and supporting cells, preventing those cells from adopting a hair cell fate.
Transmission of a Notch signal requires two sequential proteolytic events.
Following interaction with a Notch ligand (i.e., Delta or Jagged), the Notch receptor is first cleaved near its extracellular surface via the metalloprotease ADAM10 (van Tetering et al., 2009) . Next, the intracellular portion of the receptor is cleaved by g-secretase, permitting the Notch intracellular domain (NICD) to translocate to the nucleus and regulate gene expression (e.g., Kopan, 2012) .
Genetic disruption of Notch signaling in the developing inner ear leads to the production of supernumerary hair cells (e.g., Haddon et al., 1998; Lanford et al., 1999; Yamamoto et al., 2006) . Inhibition of g-secretase signaling has a similar effect during inner ear development (e.g., Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009) , and it significantly augments hair cell regeneration in the auditory organ (basilar papilla) of mature birds Daudet et al., 2009) , the neuromasts of larval fish (Ma et al., 2008; Romero-Carvajal et al., 2015) , and the vestibular organs of adult mice (Lin et al., 2011; Slowik et al., 2013) . However, these studies left some questions unanswered. First, it is not clear that Notch is the critical or sole target of ysecretase inhibition; other g-secretase substrates besides Notch may also modulate hair cell regeneration. Further, effects of g-secretase inhibitors in avian vestibular hair cell regeneration have not been tested.
The present study examined the role of g-secretase or ADAM10 in the mature chicken utricle, a vestibular organ that detects linear acceleration. During regeneration, we found that inhibition of either protease resulted in a dramatic increase in hair cell differentiation, indicating that Notch-dependent lateral inhibition regulates hair cell fate decisions during regeneration. Inhibition of gsecretase or ADAM10 after hair cell destruction also increased the proliferation of supporting cells, pointing to an important role for these enzymes in regulating cell cycle entry. Moreover, inhibition of either enzyme evoked a robust proliferative response in the undamaged utricle, suggesting that activation of both g-secretase and ADAM10 is necessary for maintaining supporting cells in a quiescent state.
Although such regulation is likely mediated by Notch signaling, transcriptional profiling by RNA sequencing identified other substrates that may also influence cell cycle entry. 
Materials and Methods

Animals
Organ culture techniques
Most experiments utilized organotypic cultures of the chicken utricle, which were prepared according to previously published protocols (e.g., Warchol and Montcouquiol, 2010) . Briefly, chickens (10-20 d post-hatch) were euthanized via CO 2 inhalation and quickly decapitated. The lower jaw and skin were removed, and heads were immersed in 70% ethanol for ~5-10 minutes (min), in order to kill surface pathogens. The middle ear space was opened and the membranous labyrinth was exposed. At this point, a small portion of the temporal bone (containing the utricle) was removed and transferred to chilled Medium-199 (with Hank's salts and HEPES buffer, Invitrogen). Utricles were carefully isolated from their temporal bone substrates, and the otoconia and otolithic membranes were removed. The remaining sensory organs were transferred to culture wells (MatTek) that contained 100 µl of medium (Medium-199 supplemented with Earle's salts, 2,200 mg/L sodium bicarbonate, 0.69 mM L-glutamine, 25 mM HEPES, and 1% Fetal Bovine Serum (FBS; Invitrogen). All cultured specimens were incubated at 37˚C in a humidified 5% CO 2 /95% air environment. Some cultures were initially treated for 24 hour (hr) in 100 µM or 1 mM streptomycin sulfate (Sigma-Aldrich), and were then rinsed 3x in fresh medium and maintained in streptomycin-free medium for an additional 2d or 7d.
Small molecule inhibition of g-secretase and ADAM10
Most experiments involved the inhibition of either g-secretase or ADAM10, 
Preparation of isolated epithelial cultures
Cultures of isolated sensory epithelia from the chicken utricle were prepared according to methods modified from those outlined in Warchol (2002) . Briefly, utricles were removed from chicks and dissected, as described above. Sensory organs were then incubated for 60 min in 500 µg/ml thermolysin (Sigma-Aldrich)
at 37 o C, and transferred to chilled Medium-199 (with Hanks salts and HEPES).
Using a fine needle, the sensory epithelia were carefully isolated from the underlying stromal tissue and placed (lumenal side-up) on laminin-coated glass surfaces of culture wells (MatTek) that contained 30 µl of Medium-199 (with Earle's salts, as above), supplemented with 10% FBS. Specimens were incubated at 37 o C and additional medium was added (in 10 µl aliquots) every 2 hr, for a final volume of 50 µl. Cultures were maintained in this medium for 48 hr, in order to allow time for the epithelia to adhere to the laminin substrates. The medium was then replaced with 100 µl of Medium-199 (with Earles salts and 1% FBS), that also contained either 10 µM DAPT or 0.1% DMSO. Cultures were incubated in these media for 24 hr. Some cultures received BrdU for the final 4 hr in vitro, and were used to assess cell proliferation (e.g., Fig. 6 ). Other cultures were used for RNA-Seq profiling (see Results).
Immunocytochemical methods
All specimens were fixed for 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer (pH=7.4), and then rinsed 5x with 0.01M phosphate buffered saline (PBS; Sigma-Aldrich). Nonspecific antibody binding was blocked by treatment for 2 hr in 5% normal horse serum in PBS, with 0.2% Triton X-100.
Specimens were treated for 16-20 hr at room temperature with one of the following antibodies: rabbit polyclonal antiserum directed against atonal homolog 1, or ATOH1 (1:300, from Jane Johnson, University of Texas Southwestern Medical Center); rabbit polyclonal antiserum directed against myosin VIIa (1:500, #25-6790, Proteus Biosciences); or mouse monoclonal directed against ß tectorin precursor (1:1000; from Guy Richardson, University of Sussex, UK). All primary antibodies were dissolved in PBS with 2% NHS and 0.2% Triton X-100.
Specimens were then thoroughly rinsed and treated for 2 h at room temperature with Alexa-conjugated secondary antibodies (Invitrogen). Some specimens were also labeled with Alexa-488-conjugated phalloidin (Invitrogen) to detect filamentous actin or 4',6-diamidino-2-phenylindole (DAPI) to detect DNA. After labeling, specimens were placed on microscope slides in a drop of glycerol:PBS (9:1) or Fluoromount and cover-slipped.
To detect BrdU, specimens were fixed as described and then treated for 30 min with 2N HCl. Specimens were maintained for 16-20 hr at room temperature in monoclonal anti-BrdU (either mouse-anti-BrdU, BD Biolsciences, 1:50 or SeraLabs rat-anti-BrdU, 1:500) dissolved in PBS with 10% NHS and 1.0% Triton X-100. Specimens were treated with secondary antibodies conjugated to an Alexa dye (Invitrogen), labeled with DAPI, and coverslipped as described above.
Quantification from organotypic cultures
Specimens were imaged on a Zeiss LSM700 confocal microscope, and maximum intensity projections were constructed from stored image stacks using Volocity software (PerkinElmer). Cell quantification was conducted directly from these full depth projections. Cell proliferation was assessed by counting BrdUlabeled cell nuclei within six 100x100 µm regions of the sensory epithelium. The sampled regions were located in the extrastriolar portion of the sensory epithelium, and were approximately evenly spaced and distributed along the anterior-posterior axis. Hair cell densities were quantified from confocal images of myosin VIIa-labeled cells, using a similar sampling scheme.
RNA-Seq preparation and analyses
Isolated sensory epithelia were treated for 24 hr in 10 µM DAPT or 0.1% DMSO. Samples were harvested by replacing the medium with 100 µl of Trizol (Life Technologies), triturating 10x, and processed using Illumina TrueSeq preparation kits, as previously described (Ku et al 2014) . In brief, mRNA was selected by oligo-dT magnetic beads from 1 µg of total RNA and fragmented.
First-strand cDNA was generated using random primers. 
Results
Inhibition of g-secretase following vestibular hair cell damage leads to increased numbers of regenerated hair cells
Prior data indicate that inhibition of g-secretase enhances hair cell regeneration in the auditory sensory organ (basilar papillae) of birds (Daudet et al., 2009; Lewis et al., 2012) . Our initial experiments focused on characterizing the effects of g-secretase inhibition on hair cell regeneration in the chick utricle, a vestibular sensory organ that contains ~29,000 hair cells and detects linear acceleration (Goodyear et al, 2009 ). The sensory region of the utricle also contains a specialized region called the striola, which is located near the lateral edge of the epithelium and possesses several unique morphological features. In the center of the striola, hair cell orientation undergoes an abrupt 180 o shift; this region is known as the striolar reversal zone. The regions of the sensory epithelium that are outside of the striola are known as the extrastriolar regions (e.g., Jørgensen, 1989) .
To assess effects of g-secretase inhibition, whole utricles (n=20) were explanted and cultured for 24 hr with 1 mM streptomycin, which kills most hair cells (Warchol and Montcouquiol, 2010) . Specimens were then thoroughly rinsed and maintained in vitro for an additional 7 d. During this recovery period, some utricles (n=10) were treated with 10 µM DAPT (N-[N-(3,5-Difluorophenacetyl-LAalanyl)]-S-phenylglycine t-butyl ester), a specific inhibitor of g-secretase. The remaining specimens were treated with 0.1% DMSO (the vehicle for DAPT) and served as controls. After fixation, utricles were immunolabeled for myosin VIIa (to identify hair cells) and stained with phalloidin (to label actin filaments).
Treatment with DAPT resulted in striking increases in the numbers of myosin VIIa-labeled hair cells in both the striolar region and the extrastriolar regions ( Fig.   1 ). Precise measurements of hair cell numbers or hair cell-to-supporting cell ratios in DAPT-treated specimens were not feasible, because myosin VIIalabeled cells were often tightly packed together and individual cell borders were not discernible.
Inhibition of ADAM metalloproteases also increases hair cell regeneration in the damaged utricle
The finding of increased hair cell numbers in response to g-secretase inhibition is consistent with the hypothesis that Notch signaling inhibits hair cell differentiation during regeneration. However, g-secretase has over 80 identified
substrates ( To test this prediction, we treated cultured utricles (n=10) for 24 hr with 1 mM streptomycin and then allowed them to recover for 7 d in medium that contained 10 µM GI254023X, a specific inhibitor of ADAM10 (e.g., Hundhausen et al., 2003) . Control cultures (n=10) were maintained in parallel, but were treated with 0.1% DMSO (the vehicle for GI254023X). Following fixation and immunoprocessing, we observed increased numbers of hair cells in the striolar and extrastriolar regions of utricles that were treated with GI254023X, compared to the DMSO-treated controls ( Fig. 1 ). This finding confirms that inhibition of either g-secretase or ADAM10 (proteases that are essential for Notch receptor processing) leads to increased hair cell differentiation during regeneration after damage.
Inhibition of g-secretase or ADAM10 also increases proliferation of hair cell progenitors following damage
Many replacement hair cells in the damaged avian ear are produced via the proliferation of supporting cells (reviewed in Stone and Cotanche, 2007; Warchol, 2011) . Given that inhibition of g-secretase led to increased hair cell regeneration, we next examined whether g-secretase inhibition also caused an increase in supporting cell proliferation. Chicken utricles (n=16) were cultured for 24 hr with 1 mM streptomycin. All specimens were then rinsed 3x with fresh medium and incubated for an additional 48 hr in medium that contained either 10 µM DAPT (n=8 utricles) or 0.1% DMSO (n=8 utricles). Proliferating cells were labeled via the addition of bromodeoxyuridine (BrdU) to media for the final 4 hr in vitro.
Quantification of BrdU-labeled cells indicated that DAPT treatment caused a ~3x
increase in supporting cell division throughout most of the sensory epithelium ( 
Inhibition of g-secretase causes cell cycle entry in the absence of ototoxic damage
Hair cells in the avian utricle normally undergo a slow turnover process, and a small degree of supporting cell proliferation is observed in the undamaged sensory epithelium (Jørgensen and Mathiesen, 1988; Roberson et al., 1992; Kil et al., 1997; . Having established that inhibition of g-secretase causes a significant increase in supporting cell division during regeneration, we next tested whether it could also increase cell cycle entry in the uninjured utricle.
Utricles were placed in organotypic culture and treated for 48 hr with either 10 µM DAPT or 0.1% DMSO (controls). BrdU was added to the media for the final 4 hr in vitro. High levels of proliferation were observed in DAPT-treated utricles, but not in untreated controls (Fig. 3A, B) . Quantification of BrdU-labeled cells in the extrastriolar regions of DAPT-treated utricles indicated that inhibition of gsecretase increased supporting cell proliferation by ~20x, compared to DMSOtreated controls (DAPT-treated utricles: 50.0±40.8 BrdU-labeled cells/10,000 µm 2 ; control utricles: 2.1±2.8 BrdU-labeled cells/10,000 µm 2 ; p<0.001). Additional experiments revealed that this proliferative effect was dose dependent, and a moderate increase in proliferation was observed after treatment with 1 µM DAPT (relative to untreated controls; Fig. 3C ). Finally, the failure of BrdU-positive cells to double-label with antibodies against myosin VIIa (a known hair cell marker)
indicated that the proliferating cells were supporting cells (Fig. 3D ).
Inhibition of ADAM-family metalloproteases also evokes supporting cell proliferation in undamaged utricles
The observed effects of g-secretase inhibition suggest a novel role for Notch activity in preventing supporting cell division in normal chicken utricles. As noted above, signaling via the Notch pathway can also be blocked by inhibition of ADAM metalloproteases, so we next characterized the effects of three metalloprotease inhibitors on supporting cell proliferation in uninjured utricles.
Cultured utricles were treated for 48 hr with either: GM6001 (20 µM, a broad spectrum metalloprotease inhibitor), TAPI-2 (50 µM, an inhibitor specific for ADAM-family metalloproteases), or GI254023X (10 µM, specific inhibitor for ADAM10). Control cultures received 0.1% DMSO. Proliferating cells were labeled by the addition of BrdU to culture media for the final 4 hr in vitro. In all cases, we found that metalloprotease inhibition resulted in increased supporting cell proliferation, compared to DMSO controls (Fig. 4) .
Supporting cell proliferation evoked by g-secretase inhibition is not secondary to hair cell injury
In the avian utricle, the death of hair cells triggers a proliferative response in adjoining supporting cells (e.g., Weisleder and Rubel, 1993) . For this reason, it is possible that the high levels of proliferation observed after treatment with DAPT or GI254023X (Figs. 3 and 4) might be a secondary consequence of hair cell injury caused by either inhibitor. In order to rule-out this possibility, we quantified hair cells in utricles that were maintained in culture for 48 hr in 0.1% DMSO (controls) or in either 10 µM DAPT or 10 µM GI254023X. We observed normal hair cell numbers and morphology in both the drug-treated and DMSOtreated specimens (Fig. 5) , indicating that neither inhibitor caused direct hair cell injury. This result confirms that such proliferation is not a consequence of DAPTor GI254023X-induced hair cell death.
Inhibition of g-secretase evokes proliferation in isolated vestibular supporting cells
The above data suggest that Notch activity might maintain supporting cell quiescence, but the mechanism by which this occurs is unclear. These results were reminiscent of DAPT effects in intact cultured utricles (e.g., Fig. 3) , and demonstrate that the protease-dependent signals that regulate supporting cell proliferation are confined to the sensory epithelium.
Regional variability in the responsiveness to g-secretase inhibition
In both undamaged and ototoxin-lesioned utricles, DAPT treatment resulted in increased hair cell differentiation and supporting cell proliferation throughout the majority of the sensory epithelium (Fig. 2) . However, close inspection of treated specimens revealed that DAPT had little effect on proliferation of supporting cells that were located within a narrow band running through the center of the striola region, which is the presumed site of hair cell polarity reversal (Fig. 7B ,C, C').
Moreover, treatment with DAPT failed to cause either a gain in the hair cell marker myosin VIIa (Fig. 7D, D' ) or a loss of the supporting cell marker ß-tectorin ( Fig. 7E , E') in the center of the striola. These observations suggest that cells in the central region of the utricular striola may rely on different signaling pathways to regulate both proliferation and differentiation than do cells in the remaining portions of the macula.
Changes in gene expression in response to g-secretase inhibition
The results described above indicate that g-secretase and ADAM10 are critical regulators of supporting cell proliferation and hair cell differentiation in the chicken utricle. Since both enzymes are required to cleave and activate the Notch receptor, our results suggest Notch activity may prevent cell cycle entry in the chicken utricle. However, g-secretase and ADAM10 share several other substrates (in addition to Notch), so it is possible that other pathways may be involved in this process. In order to better understand the signaling pathways that underlie the observed proliferative response, we next identified those genes whose expression levels are changed by g-secretase inhibition. Next-Generation RNA sequencing was used to profile changes in gene expression within the utricular sensory epithelium in response to treatment with the g-secretase inhibitor DAPT. Expression analysis was conducted on cultures of whole utricular maculae that were maintained on laminin-coated substrates (e.g., Fig.   6 ). Cultures were treated for 24 hr with either 10 µM DAPT or 0.1% DMSO (controls), at which point mRNA was harvested and used for RNA-Seq profiling (see Methods).
We observed significant changes (p<0.05 and >1.8-fold) in the expression levels of 253 genes in DAPT-treated cultures, relative to DMSO controls.
[Complete list available in Supplementary Data.] We conducted a gene process enrichment analysis on this set using the online ToppGene tools (https://toppgene.cchmc.org/, data not shown). This indicated that >95 of the differentially expressed genes mapped to parts of the cell cycle process. These accounted for some of the most abundant transcripts and some of the largest changes. Ten of the differentially expressed genes mapped to Notch signaling, which was the second most significantly-affected pathway after cell cycle components. A list of the 25 identified gene transcripts that showed the largest positive fold-change is shown in Table 1 . The gene whose expression was most enhanced by DAPT treatment was Ednrb2, an endothelin receptor that is involved in the guidance of migrating neural crest cells (Harris et al., 2008) and which also shows significant differential expression during avian hair cell regeneration (Ku et al., 2014) . Enhanced expression of Crb1 (Crumbs -a key regulator of epithelial cell polarity) was also observed. Notably, the gene whose expression was elevated to the highest abundance-level (as measured by the total number of normalized reads) was Ccnd3 (cyclin D3), a well-characterized initiator of cell cycle entry (e.g., Sankaran et al., 2012) . Other enhanced genes whose normalized expression levels were highly enriched in DAPT-treated cultures were Mycl1 (l-myc) and E2f1, both of which also regulate mitosis. We also observed increases in the expression of Mcm5 and Mcm6, so-called minichromosome maintenance complex components, which are involved in the initiation of DNA replication (Chuang et al., 2012) . Finally, a significant expression increase was noted for Dll1 (Delta1), a Notch signaling ligand.
Although the hair cell-inducing transcription factor Atoh1 was not among the 25 genes showing the largest transcriptional elevation after DAPT treatment, its expression was increased by ~3-fold. Further, in addition to increasing the numbers of regenerated hair cells, DAPT treatment also caused an increase in nuclear Atoh1 protein in sensory epithelial cells from utricles treated with streptomycin for 1 day and streptomycin-free media for another day (Fig. 8) . and their numbers appeared to increase after DAPT treatment (Fig. 8A, B) . Also, at longer survival times, many of these BrdU-labeled cells differentiated as hair cells (Fig. 8C ).
Conversely, a number of genes showed decreased expression after DAPT treatment. A list of the 25 genes that showed the greatest decrease in abundance in DAPT-treated samples is shown in Table 2 . Many of these decreased genes provide clear evidence for a block of the Notch pathway. The most-reduced gene was Hes5, a principal transcriptional effector of Notch signaling. Expression of two other key Notch signaling genes -Heyl and Jag1 -was also reduced. Diminished expression was also noted among a number of otherwise highly transcribed genes, such as Tsga14, which encodes a centrosomal protein that is implicated in autism spectrum disorders (Korvatska et al., 2011) . Inhibition of g-secretase also caused reduced expression of Wnt7a, a ligand that participates in both canonical and non-canonical Wnt signaling (e.g., Stenman et al., 2008) and is expressed in the cochlear duct of the developing chicken ear (Sienknecht and Fekete, 2008) .
Identification of g-secretase substrates in the utricular sensory epithelium
Our data indicate that inhibition of g-secretase leads to significant changes in cell division, differentiation, and gene expression in the chicken utricular macula.
In order to gain further insight into the molecular basis of these changes, we searched the RNA-Seq dataset obtained from utricular epithelia for known gsecretase substrates. Haapasalo and Kovacs (2011) describe ~80 substrates for g-secretase, of which 45 were detected (but not necessarily differentially expressed) in our dataset (>0.5 RPKM). A list of the 25 detectable g-secretase substrates that showed the highest abundance is shown in Table 3 . The most highly expressed g-secretase target genes were the amyloid precursor protein (App) and the amyloid beta precursor-like protein 2 (Aplp2). Although App family genes are widely expressed in many types of somatic cells, the role of amyloid proteins in the inner ear is not known. The remaining g-secretase substrates in the utricle can be divided into four classes. First, there are a number of key Notch pathway members (Jag1, Jag2, Dner, Dll1, Notch1 and Notch2). Another group consists of genes involved in contact-mediated cell signaling, such as adhesion and/or neural guidance. These genes include: E-and N-cadherin (Cdh1 and Cdh2), syndecans (Sdc1, Sdc2, Sdc3), Robo1, and Ephnb1. We also observed mRNAs for two receptor tyrosine phosphatases -Ptprk and Ptprz1. A third class consists of genes for growth factor receptors, specifically those involved in insulin-family signaling (Igfr1 and Insr), as well as the EGF family receptor Erb44. Of the top 30 genes that code for proteins that are known substrates for g-secretase, only three showed significant expression changes after treatment with DAPT: Scd2 (down-regulated ~2x), and the Notch pathway members Ser2 (increased ~2x) and Dll1 (increased ~4x). Finally, it is notable that several of these identified g-secretase substrates are -like Notch -also targeted by ADAM10 (e.g., App, Aplp2, N-cadherin -see Saftig and Lichtenhaler, 2015) .
Discussion
Prior studies established that Notch signaling regulates the differentiation of hair cells and supporting cells during inner ear development (reviewed in Kiernan, 2013) . Notch signaling is a multistep process that requires the interaction between a Notch ligand and receptor, followed by sequential proteolytic processing of the receptor by the ADAM10 metalloprotease and gsecretase, and culminating in intercellular signaling to the nucleus and changes in gene expression (reviewed in Kopan, 2012) . The present study examined the roles of ADAM10 and g-secretase in regulating hair cell regeneration in the mature avian utricle. In agreement with prior studies conducted on other hair cell epithelia (described below), we found that inhibition of these proteases led to an increase in the numbers of replacement hair cells. Unexpectedly, we also found that inhibition of g-secretase or ADAM10 following hair cell damage led to a significant increase in the proliferation of hair cell progenitors (supporting cells).
More surprisingly, inhibition of either protease in the undamaged chicken utricle (which normally contains a small number of proliferating supporting cells) led to large-scale cell cycle entry among supporting cells. These results demonstrate that, in addition to controlling cell fate, g-secretase and ADAM10 also play an essential role in the regulation of supporting cell division.
In order to help identify the molecular pathways affected by blocking these proteases, we characterized gene expression in the sensory epithelium of the utricle in response to g-secretase inhibition. Our data indicate that inhibition of gsecretase caused statistically significant changes in the expression levels of 253 genes. We also found that the sensory epithelium contains mRNAs for 45
proteins that are known g-secretase substrates, including genes in the Notch signaling pathway (e.g., Notch1 and Dll1). While these expression data are consistent with the hypothesis that Notch signaling regulates supporting cell division, we cannot rule out parallel contributions from other biochemical pathways that also require g-secretase and/or ADAM10 (see below).
g-secretase and ADAM metalloproteases regulate hair cell differentiation
Non-mammalian vertebrates have a robust ability to regenerate both auditory and vestibular hair cells following acoustic or ototoxic injury (reviewed in Warchol, 2011) . In mammals, the vestibular sensory organs possess limited ability for spontaneous hair cell regeneration (e.g., Forge et al., 1993; Warchol et al., 1993; Forge et al., 1998; Kawamoto et al., 2009; Lin et al., 2011; Golub et al., 2012; Slowik et al., 2013) , but lost auditory hair cells are never replaced (e.g., Forge et al., 1998) . Inhibition of g-secretase has been shown to increase hair cell differentiation during regeneration in the lateral line neuromasts of zebrafish (Ma et al., 2008) , the basilar papillae of chickens (Daudet et al., 2009; Lewis et al., 2012) , the utricle (Lin et al., 2011) , and the organ of Corti of mice (Mizutari et al., 2013) . In this study, we found that inhibition of g-secretase with DAPT also leads to hair cell overproduction in the regenerating chicken utricle. Inhibition of ADAM10, a second protease required for Notch signaling, had a similar effect.
Together, our observations of enhanced hair cell differentiation in response to Notch inhibition are consistent with these previous studies. It is also notable that the developing sensory epithelium of the mammalian cochlea contains a cellular phenotype (pillar cells) whose differentiation is not determined by Notch, but is specified by FGF signaling (Doetzlhofer et al., 2009 ). In our experiments, we also noted that the presumptive striolar reversal zone of the chick utricle is unaffected by inhibition of either ADAM10 or g-secretase (e.g., Fig. 7 ). This observation raises the possibility that some as-yet unidentified signaling pathway (other than Notch) also regulates the phenotype of certain cells within the sensory epithelium of the utricle.
g-secretase and ADAM metalloproteases regulate supporting cell division
In normal conditions, the vestibular organs of mature birds contain a small but measurable number of dividing supporting cells (e.g., Jørgensen and Mathiesen, 1988; Kil et al., 1997; . Additional supporting cells are recruited to divide when hair cells are experimentally damaged, and the progeny of those divisions give rise to replacement hair cells (e.g., Weisleder and Rubel, 1993) . We found that inhibition of either g-secretase or ADAM10 caused a significant increase in supporting cell division in chicken utricles that had been damaged with streptomycin. Notably, inhibition of either protease also caused a substantial increase in supporting cell proliferation in undamaged chicken utricles. It has been postulated that signals derived from hair cells normally keep supporting cells in a state of mitotic quiescence. In this model, the loss of hair cells would remove this signal, enabling supporting cells to divide and produce regenerated hair cells (reviewed in Stone and Cotanche, 2007; Warchol, 2011) .
Our finding that inhibition of either g-secretase or ADAM10 causes supporting cells to divide, even when normal numbers of hair cells remain present, suggests that the transmission of this anti-proliferative signal requires activation of both gsecretase and ADAM10. On the other hand, this notion of hair cell-mediated regulation of cell division remains hypothetical, and it is possible that g-secretase and ADAM10 mediate a signal between supporting cells (independent of hair cells) that might also regulate cell cycle entry.
Our data also point to differences in the role of g-secretase and notch signaling in the regulation of cell cycle entry across different inner ear sensory epithelia from differing vertebrate species. Inhibition of g-secretase evokes proliferation of supporting cells in the cochleae of early neonatal mice (Li et al., 2015; Ni et al., 2016) , and genetic deletion of Notch1 enhances the division of progenitors in the embryonic mouse cochlea (Kiernan et al. 2005) . However, inhibition of g-secretase does not affect the proliferation of supporting cells in the mature basilar papilla of chickens, either under normal conditions or after damage (Daudet et al. 2009 ). Also, inhibition of g-secretase does not stimulate regenerative proliferation in damaged utricles from adult mice (Lin et al., 2011) .
While these disparities cannot be explained at this time, they probably reflect fundamental differences in the mechanisms of cell cycle regulation in different sensory epithelia that may be correlated with the levels of ongoing proliferation that occur in such sensory organs. For example, unlike the chicken utricle, both the chicken basilar papilla and the mouse utricle have negligible (if any) supporting cell division in normal conditions (e.g., Corwin and Cotanche, 1988; Yamashita and Oesterle, 1995) , and very few supporting cells in the mouse utricle enter the cell cycle after hair cell damage (Kawamoto et al., 2009; Lin et al., 2011) . Accordingly, supporting cell division in the chicken basilar papilla and mouse utricle is likely to be more tightly regulated than division in the chicken utricle, and abolishing this tighter regulation would require more manipulation beyond simply inhibiting g-secretase and/or ADAM10.
Genes and pathways regulated by g-secretase
In order to better understand how g-secretase activity regulates supporting Tables   1 and 2 with Tables 9 and 10 in Maass et al., 2016) . These differing responses are likely to reflect differences in cellular signaling mechanisms that mediate vestibular vs. auditory phenotype as well as the early developmental stages of the treated mammalian samples.
Our RNA-Seq data also indicate that the sensory epithelium of the avian utricle expresses a number of g-secretase substrates, the majority of which have not been studied in the context of inner ear function, development or regeneration. For example, transcripts for the amyloid precursor protein (App)
were highly abundant, but it is not known whether App mRNA is translated into protein and, if so, how APP processing by g-secretase might affect epithelial homeostasis. In addition, the utricular epithelium expresses transcripts for two receptor tyrosine phosophatases (Ptprk and Ptprz1) that are g-secretase substrates capable of inactivating protein tyrosine kinases. Since activation of tyrosine kinases often initiates cell cycle entry, it is plausible that inhibiting gsecretase might block the activity of PTPR's, leading to a prolonged activated state that permits ongoing cell proliferation. Although such notions are speculative, it is notable that signaling via Ptprz1 involves both g-secretase and metalloproteases (Chow et al., 2008) , making this phosphatase an attractive candidate for future study. The utricular macula also expresses a number of gsecretase substrates involved in cell adhesion and contact-mediated cell guidance (e.g., Cdh1, Cdh2, Scd2, Robo1) . Although N-cadherin (Cdh2) has been implicated in regulating the proliferation of utricular supporting cells (Warchol, 2002) , we observed no change in E-or N-cadherin immunolocalization following DAPT treatment (data not shown). Finally, one limitation of our RNASeq studies is that they only reveal changes in gene expression, while the actual target(s) of g-secretase and ADAM10 are almost certain to be proteins that operate upstream of transcriptional regulation.
Possible role for notch signaling in the regulation of supporting cell cycle entry
Our RNA-Seg data show that inhibition of either g-secretase or ADAM10
resulted in a strong reduction in the expression of the notch pathway effector
Hes5, which was correlated with a significant increase in supporting cell proliferation. RNA-Seq profiling of the regenerating chicken utricle showed that reduced expression of Hes5 occurs immediately after ototoxic injury and prior to the onset of regenerative proliferation (Ku et al., 2014) . A similar decrease in
Hes5 transcripts also occurs in neuromasts of the zebrafish lateral line in response to hair cell injury and is followed by renewed proliferation of supporting cells (Romero-Carvajal et al. 2015) . DAPT treatment led to enhanced numbers of both ATOH1-labeled (red) and BrdU-labeled (green) nuclei, compared to controls (B vs. A). Some cells were double-labeled for both ATOH1 and BrdU (arrowheads). Cultures that were treated with DAPT for 6 days also contained numerous BrdU-labeled hair cells (C, arrows).
